Introduction
============

At present, non-small cell lung cancer (NSCLC) is one of the leading causes of cancer-associated mortality in elderly patients. Although the early treatment for NSCLC has improved in recent years, including platinum-based chemotherapy and radiotherapy, NSCLC remains an aggressive type of cancer, and the majority of patients have a poor prognosis, since NSCLC is typically detected at the late stages of the disease ([@b1-ijo-53-06-2409]). Excessive cancer cell migration and survival are known to serve a crucial role in the development and progression of NSCLC ([@b2-ijo-53-06-2409]). Accordingly, suppressing cancer cell migration and survival is vital for slowing or preventing NSCLC progression.

Mammalian STE20-like kinase 1 (Mst1) is an element of the Hippo pathway, which was initially identified as a major growth suppressor that interrupts stem cell growth, proliferation and apoptosis ([@b3-ijo-53-06-2409]). Subsequent studies have illustrated that Mst1 is also involved in sustaining cardiomyocyte survival in diabetic cardiomyopathy ([@b4-ijo-53-06-2409],[@b5-ijo-53-06-2409]), suppressing endometrial stromal cell migration in endometriosis ([@b6-ijo-53-06-2409]) and promoting cancer cell apoptosis in colorectal carcinoma ([@b7-ijo-53-06-2409]). These findings indicated that Mst1 functions as a tumor suppressor by modulating cancer cell apoptosis, migration and proliferation. However, the role of Mst1 in NSCLC A549 cells remains to be elucidated.

Mitochondria are vital for cancer development ([@b8-ijo-53-06-2409]). Mitochondria are at the center of energy production, and damage to mitochondria reduces cancer metabolism and therefore limits cancer growth ([@b9-ijo-53-06-2409]). In addition, mitochondria are messengers of cellular apoptotic signals; poorly structured mitochondria release the pro-apoptotic factor cytochrome *c* (cyt-c) into the nucleus, where it cooperates with the caspase family to initiate the cellular death program. Furthermore, mitochondria are calcium pumps that help the endoplasmic reticulum (ER) to regulate cellular calcium homeostasis ([@b10-ijo-53-06-2409]), thus critically regulating cancer migration. Therefore, the roles of mitochondria in the regulation of cancer migration, apoptosis and metabolism have been well established. However, whether Mst1 can reduce NSCLC A549 cell viability by restricting mitochondrial function has yet to be fully elucidated.

F-actin is an important structural protein that is required for cellular cytoskeleton organization and cellular movement, and is also involved in processes including the regulation of cellular division, mitochondrial fission and filopodia formation ([@b11-ijo-53-06-2409]). This affords F-actin a central position within cellular response networks. Based on previous studies, F-actin dysregulation is associated with gastric cancer migration inhibition via sirtuin 1/mitofusin 2-mediated mitophagy ([@b12-ijo-53-06-2409],[@b13-ijo-53-06-2409]). Furthermore, F-actin downregulation contributes to rectal cancer mitochondrial apoptosis via activation of the c-Jun N-terminal kinase (JNK)-dynamin-related protein 1-mitochondrial fission-HtrA serine peptidase 2/Omi axis ([@b14-ijo-53-06-2409]). In cardiovascular disease, F-actin degradation promotes cardiac microvascular ischemia-reperfusion injury ([@b11-ijo-53-06-2409]). Collectively, these findings confirmed that functional F-actin signaling is imperative to normal cell function. Notably, a relationship between Mst1 and F-actin has previously been established ([@b6-ijo-53-06-2409]). Activated Mst1 has the ability to induce F-actin degradation, thus promoting apoptosis in endometriosis, colorectal cancer cell death and arrested liver cancer invasion. However, whether Mst1 has a critical role in NSCLC A549 cell survival via regulating F-actin homeostasis, invasion and metastasis remains to be elucidated.

At the molecular level, F-actin homeostasis is governed by Rho-associated coiled-coil containing protein kinase 1 (ROCK1) ([@b15-ijo-53-06-2409]), which depolymerizes F-actin into G-actin. Furthermore, ample evidence has suggested the possibility of ROCK1 acting as a tumor suppressor in several types of cancer. Activated ROCK1 signaling promotes prostate cancer apoptosis by inducing cofilin-1 translocation onto the surface of mitochondria ([@b16-ijo-53-06-2409]), whereas ROCK1 suppression accounts for renal cell carcinoma aggressiveness ([@b17-ijo-53-06-2409]). Furthermore, overexpression of ROCK1 enhances myeloid leukemia apoptosis ([@b18-ijo-53-06-2409]), inhibits osteosarcoma cell metastasis ([@b19-ijo-53-06-2409]) and increases radiosensitization in pancreatic cancer ([@b20-ijo-53-06-2409]). Taken together, these findings have established a central role for ROCK1 in suppressing cancer development and progression. However, whether ROCK1-mediated F-actin inactivation is regulated by Mst1 and is involved in NSCLC A549 cell migration, proliferation and apoptosis remains unclear. Therefore, the present study aimed to explore the role of Mst1 in the NSCLC A549 cell stress response, involving cancer cell mobility, death and growth, with a focus on ROCK1-mediated F-actin degradation and mitochondrial injury signaling.

Materials and methods
=====================

Cell culture and treatments
---------------------------

The normal pulmonary epithelial cell line BEAS-2B (American Type Culture Collection (ATCC)® no. CRL-9609™) and the NSCLC cell line A549 (ATCC® no. CCL-185EMT™) were purchased from ATCC (Manassas, VA, USA). The cells were cultured in Low Glucose-Dulbecco\'s modified Eagle\'s medium (L-DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing low glucose, 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% streptomycin and penicillin at 37°C in an atmosphere containing 5% CO~2~. To inhibit ROCK1 activity, Y-27632 (5 mM; cat. no. S1049; Selleck Chemicals, Houston, TX, USA) was added to the medium for 4 h ([@b21-ijo-53-06-2409]).

Mst1 overexpression assay
-------------------------

The pDC315-Mst1 vector (1,336 bp; pDC315-Mst1-*Nhe*I-forward, 5′-CTAATGCGT TGCAATACGTGCGTCCTATATG-3′ and pDC315-Mst1-*Hin*dIII-reverse, 5′-TTGTCCATTGCAAGGCCTCTGATT GAGTCTG-3′) was designed and purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). Briefly, the plasmid (3.0 *μ*g per 1×10^4^ cells/well) was transfected into 293 cells using Lipofectamine 2000® (Invitrogen; Thermo Fisher Scientific, Inc.). When the cells detached from the plates, the medium supernatant was collected ([@b22-ijo-53-06-2409]). Subsequently, the viral supernatant was identified and was amplified by transfection into 293 cells three times, in order to obtain adenovirus (Ad)-Mst1, after which, Ad-Mst1 was transduced into the cells to induce overexpression of Mst1. A total of 1×10^5^ cells/well were infected with 100 multiplicity of infection Ad-Mst1 or empty vector (Ad-ctrl) in Opti-MEM media (Gibco; Thermo Fisher Scientific, Inc.) for 6 h at 37°C, according to the manufacturer\'s protocol. Cells transduced with the Ad-ctrl were used as the control group ([@b23-ijo-53-06-2409]).

Reactive oxygen species (ROS) detection via flow cytometry and immunofluorescence
---------------------------------------------------------------------------------

Cellular ROS production was analyzed by flow cytometry, according to a previous study ([@b24-ijo-53-06-2409]). Cells (1×10^6^) were washed with cold PBS and cultured with the ROS probe dihydroethidium (1 mg/ml; Molecular Probes; Thermo Fisher Scientific, Inc.) at 37°C in the dark for 15 min. After the cells were washed three times with cold PBS, the cells were collected using 0.25% pancreatin. After resuspension in cold PBS, the cells were analyzed using a flow cytometer (BD FACSVerse; BD Biosciences, San Jose, CA, USA) and the data were analyzed with Flowmax software (Version 2.3; Sysmex Partec GmbH, Görlitz, Germany) ([@b25-ijo-53-06-2409]). In addition, ROS was observed using a ROS probe. Cells (1×10^6^) were loaded with the ROS probe dihydroethidium (5 mg/ml; Molecular Probes; Thermo Fisher Scientific, Inc.) in the dark for 10 min at room temperature. After washing with PBS, ROS production was monitored under an Olympus IX81 microscope (Olympus Corporation, Tokyo, Japan).

ATP production and mitochondrial potential
------------------------------------------

Cellular ATP generation was measured to reflect mitochondrial function. Firstly, A549 cells were washed three times with cold PBS at room temperature. Subsequently, a luciferase-based ATP assay kit (CellTiter-Glo® Luminescent Cell Viability Assay; cat. no. G7570; Promega Corporation, Madison, WI, USA) was used to analyze ATP content, according to the manufacturer\'s protocols ([@b10-ijo-53-06-2409]). ATP production was measured using a microplate reader at a wavelength of 570 nm (Epoch 2; BioTek Instruments, Inc., Winooski, VT, USA) ([@b26-ijo-53-06-2409]). To observe the mitochondrial potential, JC-1 staining (cat no. M34152; Thermo Fisher Scientific Inc.) was used. Briefly, 10 mg/ml JC-1 was added to the medium for 10 min at 37°C in the dark, in order to label mitochondria. Images were captured under an Olympus IX81 microscope (Olympus Corporation). Normal mitochondrial potential was indicated by red fluorescence, whereas damaged mitochondrial potential was indicated by green fluorescence ([@b27-ijo-53-06-2409]).

Cell migration assay
--------------------

For the cell migration assay, Transwell units (Corning Incorporation, Corning, NY, USA) with an 8-*μ*m pore size polycarbonate filter were used. A549 cells were initially transduced with Ad-Mst1 and were then isolated using 0.25% trypsin. Trypsin-mediated digestion and isolation was conducted to remove apoptotic cells. To further exclude the influence of cell apoptosis on the Transwell assay, a lactate dehydrogenase (LDH) release assay was used to evaluate cell viability. Subsequently, \~1×10^5^ cells were seeded in the upper chamber of the Transwell units; the lower chamber was filled with 600 *μ*l L-DMEM supplemented with 1% FBS (Gibco; Thermo Fisher Scientific, Inc.). Following a 12-h incubation at 37°C, the medium was removed and the cells were fixed with 3.7% paraformaldehyde for \~10 min at room temperature ([@b28-ijo-53-06-2409]). The cells in the upper chamber were removed using a cotton swab, and the migrated cells were stained with 0.1% crystal violet for 15 min at room temperature. Subsequently, the samples were observed under a digital microscope system (IX81; Olympus Corporation). The images were captured and the number of migrated cells was recorded in at least five fields.

LDH assay and caspase-9 activity detection
------------------------------------------

LDH is released into the medium when cellular membranes rupture. To evaluate the levels of LDH in the medium, an LDH Release Detection kit (Beyotime Institute of Biotechnology, Haimen, China) was used according to the manufacturer\'s protocol. To analyze alterations in caspase-9, a caspase-9 activity kit (cat no. C1158; Beyotime Institute of Biotechnology) was conducted, according to the manufacturer\'s protocol ([@b29-ijo-53-06-2409]). Briefly, to measure caspase-9 activity, 5 *μ*l LEHD-p-NA substrate (4 mM, 200 *μ*M final concentration) was added to the samples for 1 h at 37°C. Subsequently, the absorbance was recorded at 400 nm using a microplate reader, in order to reflect caspase-9 activities ([@b30-ijo-53-06-2409]).

Glutathione (GSH), GSH peroxidase (GPX) and superoxide dismutase (SOD) detection, mitochondrial respiratory complex activity estimation, lactate production measurement and glucose uptake evaluation
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

GSH (cat. no. T10095; Thermo Fisher Scientific Inc.), GPX (cat. no. S0056; Beyotime Institute of Biotechnology) and SOD (cat. no. BMS222TEN; Thermo Fisher Scientific Inc.) levels were measured, according to the manufacturers\' protocols, using a microplate reader (Epoch 2; BioTek Instruments, Inc.) ([@b31-ijo-53-06-2409]). Mitochondrial respiratory complex activity was estimated using commercially available kits (cat. nos. ab109721 and ab109878; Abcam, Cambridge, MA, USA) according to the manufacturer\'s protocols. To analyze lactate production, a lactate assay kit (cat. no. K607-100; BioVision, Inc.) was used, according to a previous study ([@b32-ijo-53-06-2409]). In addition, cellular glucose uptake was evaluated using a glucose absorption assay kit (cat. no. K606-100; BioVision, Inc.), according to the manufacturer\'s protocol ([@b33-ijo-53-06-2409]).

Western blotting
----------------

Cells were lysed in radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology). Total protein was analyzed using the bicinchoninic acid assay (Beyotime Institute of Biotechnology) and 70 *μ*g lysates were separated by 10-15% SDS-PAGE, and proteins were electrotransferred onto Pure Nitrocellulose Blotting membranes (EMD Millipore, Billerica, MA, USA). The membranes were then blocked with 5% non-fat milk for 2 h at room temperature ([@b34-ijo-53-06-2409]) and were washed with Tris-buffered saline-0.1% Tween (TBST). The membranes were then incubated with the following primary antibodies: Caspase-9 (1:1,000; cat. no. ab32539; Abcam), pro-caspase-3 (1:1,000; cat. no. ab13847; Abcam), cleaved caspase-3 (1:1,000; cat. no. ab49822; Abcam), B-cell lymphoma 2 (Bcl2; 1:1,000; cat. no. 3498; Cell Signaling Technology, Inc.), Bcl2-associated death promoter (Bad; 1:1,000; cat. no. 9292; Cell Signaling Technology, Inc.), cellular inhibitor of apoptosis protein (c-IAP; 1:1,000; cat. no. 4952; Cell Signaling Technology, Inc.), Mst1 (1:1,000; cat. no. 3682; Cell Signaling Technology, Inc.), F-actin (1:1,000; cat. no. ab205; Abcam), complex III subunit core 2 (CIII-core2; 1:1,000; cat. no. 459220; Invitrogen; Thermo Fisher Scientific, Inc.), complex II (CII-30; 1:1,000; cat. no. ab110410; Abcam), C-X-C chemokine receptor type (CXCR)4 (1:1,000; cat. no. ab1670; Abcam), CXCR7 (1:1,000; cat. no. ab38089; Abcam), cyclin D1 (1:1,000; cat. no. ab16663; Abcam), cyclin E (1:1,000; cat. no. ab33911; Abcam), cyt-c (1:1,000; cat. no. ab90529; Abcam) and ROCK1 (1:1,000; cat. no. ab45171; Abcam) at 4°C overnight. After washing with TBST, the membranes were incubated with horseradish peroxidase-coupled secondary antibodies (1:2,000; cat. nos. 7074 and 7076; Cell Signaling Technology, Inc.) for 1 h at room temperature. The proteins were visualized using Pierce enhanced chemiluminescence western blotting substrate (Pierce; Thermo Fisher Scientific, Inc.) and autoradiography. Subsequently, the blots were analyzed using Quantity One 4.6 software (Bio-Rad Laboratories, Inc., Hercules, CA, USA). GAPDH (1:1,000; cat. no. 5174; Cell Signaling Technology, Inc.), β-actin (1:1,000; cat. no. 4970; Cell Signaling Technology, Inc.) and translocase of the outer membrane 20 (1:1,000; cat. no. ab56783; Abcam) were used as internal controls ([@b35-ijo-53-06-2409]).

Isolation of mitochondria-enriched fraction
-------------------------------------------

Mitochondrial and cytoplasmic cyt-c expression was measured via isolation of the mitochondrial-enriched fraction, followed by western blotting. After isolation of mitochondria-enriched fraction, the remaining fraction was used to analyze cytoplasmic protein expression. In order to isolate the mitochondria-enriched fraction, cells were washed with cold PBS and were scraped; the homogenates were then centrifuged at 800 x g for 5 min at 4°C. The supernatants were centrifuged at 10,000 x g for 20 min at 4°C to acquire pellets, which were spun again. The final pellets were suspended in lysis buffer (cat. no. P0013E; Beyotime Institute of Biotechnology) containing 1% Triton X-100 and were noted as mitochondrial-rich lysate fractions.

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
-----------------------------------------------------------------------------

Apoptotic cells were detected using an In Situ Cell Death Detection kit (cat. no. C10245; Thermo Fisher Scientific Inc.), according to the manufacturer\'s protocol. Briefly, cells (1×10^6^) were fixed with 4% paraformaldehyde at 37°C for 15 min. Blocking buffer (3% H~2~O~2~ in CH~3~OH) was added to the wells, and cells were then permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min on ice. Finally, the cells were incubated with TUNEL reaction mixture for 1 h at 37°C. DAPI (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used to counterstain the nuclei, and the numbers of TUNEL-positive cells were recorded ([@b36-ijo-53-06-2409]) under a digital microscope system (IX81; Olympus Corporation).

5-ethynyl-2′-deoxyuridine (EdU) incorporation assay and MTT experiments
-----------------------------------------------------------------------

The EdU incorporation assay was performed using an EdU kit (cat. no. A10044; Thermo Fisher Scientific Inc.) ([@b37-ijo-53-06-2409]). Briefly, EdU (2 nM/well) was diluted in complete culture medium, and the cells (1×10^6^) were incubated with the dilution for 2 h at 37°C. Subsequently, the cells were fixed with 4% paraformaldehyde for 15 min at 37°C and were incubated with Apollo Staining reaction liquid for 30 min. DAPI was used to counterstain the nuclei for 15 min at room temperature under a digital microscope system (IX81; Olympus Corporation).

MTT was used to analyze cellular viability. A549 cells (1×10^6^ cells/well) were cultured on a 96-well plate at 37°C in an atmosphere containing 5% CO~2~, with or without Ad-Mst1 transduction. Subsequently, 40 *μ*l MTT solution (2 mg/ml; Sigma-Aldrich; Merck KGaA) was added to the medium for 4 h at 37°C in an atmosphere containing 5% CO~2~. Subsequently, the cell medium was discarded, and 80 *μ*l dimethyl sulfoxide was added to the wells for 1 h at 37°C in an atmosphere containing 5% CO~2~ in the dark. The optical density (OD) of each well was observed at an absorbance of 490 nm via a spectrophotometer (Epoch 2; BioTek Instruments, Inc.) ([@b38-ijo-53-06-2409]).

Immunofluorescence confocal microscopy
--------------------------------------

The cells (1×10^6^) were washed twice with PBS and permeabilized in 0.1% Triton X-100 overnight at 4°C. Subsequently, 10% goat serum albumin (Invitrogen; Thermo Fisher Scientific, Inc.) was used to block the samples for 1 h at room temperature. The sections were then cryoprotected in a PBS solution supplemented with 0.9 mol/l sucrose overnight at 4°C. Following neutralization with NH~4~Cl buffer, the sections were permeabilized for 45 min with 0.05% saponin/PBS (pH 7.4) and incubated with H~2~O~2~ (3%) for 10 min Subsequently, samples were treated overnight at 4°C with the following primary antibodies: Cyt-c (1:500; cat. no. ab90529; Abcam), Mst1 (1:200; cat. no. 3682; Cell Signaling Technology, Inc.), F-actin (1:1,000; cat. no. ab205; Abcam), cyclin D1 (1:500; cat. no. ab16663; Abcam) and cyclin E (1:500; cat. no. ab33911; Abcam). After three rinses in PBS, secondary antibodies (Alexa Fluor® 488 donkey anti-rabbit antibody; 1:1,000; cat. no. A-21206 and Alexa Fluor® Plus 647 goat anti-rabbit antibody; 1:1,000; cat. no. A-32733; Invitrogen; Thermo Fisher Scientific, Inc.) were added to the samples for 1 h at room temperature. The samples were stained with DAPI (10 nM) for 5 min. Confocal immunofluorescence images were captured using FV10-ASW 1.7 software and an Olympus IX81 microscope (Olympus Corporation) ([@b39-ijo-53-06-2409]). The length of filopodia formation was measured using Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA).

Statistical analysis
--------------------

Experiments were repeated three times and data are expressed as the means ± standard error of the mean. Statistical analyses were performed using one-way analysis of variance followed by a Bonferroni post hoc test. P\<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA).

Results
=======

Mst1 is downregulated in NSCLC A549 cells, and overexpression of Mst1 promotes A549 cell apoptosis
--------------------------------------------------------------------------------------------------

To address the functional role of Mst1 in the phenotypic alterations of A549 cells, western blotting was used to examine the protein expression levels of Mst1 in A549 cells. As shown in [Fig. 1A and B](#f1-ijo-53-06-2409){ref-type="fig"}, abundant Mst1 expression was observed in the normal pulmonary epithelial cell line BEAS-2B. In comparison, Mst1 expression was markedly reduced in A549 cells; these findings were further supported by immunofluorescence staining ([Fig. 1C](#f1-ijo-53-06-2409){ref-type="fig"}). These results indicated that Mst1 expression may be downregulated in A549 cells. Subsequently, Mst1 was overexpressed in A549 cells via an adenovirus-based Mst1 overexpression method. Transduction efficiency is shown in [Fig. 1D and E](#f1-ijo-53-06-2409){ref-type="fig"}, as determined by western blotting. Following overexpression of Mst1, cellular viability and apoptosis were analyzed. MTT assays revealed that Mst1 overexpression in A549 cells significantly reduced cellular viability ([Fig. 1F](#f1-ijo-53-06-2409){ref-type="fig"}). In agreement with these results, the cellular apoptotic rate, as measured by TUNEL staining ([Fig. 1G and H](#f1-ijo-53-06-2409){ref-type="fig"}), revealed that the number of TUNEL-positive apoptotic cells was significantly increased in response to Ad-Mst1 transduction compared with in the control group. These results suggested that Mst1 may function as a tumor suppressor in A549 cells by promoting cancer cell apoptosis.

Overexpression of Mst1 reduces A549 cell proliferation and migration
--------------------------------------------------------------------

The present study further investigated the effects of Mst1 overexpression on the growth and metastasis of A549 cells. Initially, cyclin D1 and cyclin E expression levels, which were detected by western blotting, were significantly decreased in response to Mst1 overexpression compared with in the control group ([Fig. 2A--C](#f2-ijo-53-06-2409){ref-type="fig"}). As cyclin D1 and cyclin E interact with each other and generate cyclin-dependent kinase (Cdk)4/6-cyclin D and/or Cdk2-cyclin E complexes, which accelerate transition from the G0/G1 to S stage, the present study aimed to determine whether Mst1 overexpression augmented the number of cancer cells at S stage. Through EdU staining, which labels cells at S stage, it was demonstrated that Ad-Mst1 transduction markedly decreased the ratio of EdU-positive cells compared with in the control group ([Fig. 2D and E](#f2-ijo-53-06-2409){ref-type="fig"}). Therefore, these findings indicated that Mst1 affects A549 cell proliferation.

The present study also observed cellular migration in response to Mst1 overexpression. To exclude the influence of cell viability on the Transwell assay, A549 cells transduced with Ad-Mst1 were isolated using 0.25% trypsin. Subsequently, a LDH release assay was used to evaluate cell viability following trypsin isolation. The present results demonstrated that there was no significant difference in cell viability in the Ad-Mst1 and Ad-ctrl groups ([Fig. 2F](#f2-ijo-53-06-2409){ref-type="fig"}). Subsequently, a Transwell assay was conducted. The number of migrated cells was decreased in response to Mst1 overexpression ([Fig. 2G and H](#f2-ijo-53-06-2409){ref-type="fig"}). Furthermore, the expression levels of the chemotactic factors CXCR4 and CXCR7 were detected. Notably, the expression levels of CXCR4 and CXCR7 were downregulated following Ad-Mst1 transduction ([Fig. 2I--K](#f2-ijo-53-06-2409){ref-type="fig"}), thus suggesting that Mst1 overexpression suppressed A549 cell migration. Collectively, these results demonstrated that overexpression of Mst1 inhibited A549 cell growth and metastasis *in vitro*.

Overexpression of Mst1 activates the mitochondrial apoptotic pathways
---------------------------------------------------------------------

Recent studies ([@b40-ijo-53-06-2409],[@b41-ijo-53-06-2409]) have indicated that mitochondrial dysfunction is associated with cancer cell apoptosis, inhibition of migration and proliferation arrest via numerous mechanisms. Therefore, the present study measured mitochondrial function in A549 cells with or without Mst1 overexpression. Initially, mitochondrial potential was evaluated by JC-1 staining. Compared with in the control group, Mst1 overexpression reduced mitochondrial potential ([Fig. 3A and B](#f3-ijo-53-06-2409){ref-type="fig"}), as evidenced by reduced red fluorescence and increased green fluorescence. In response to mitochondrial potential collapse, excessive electrons would be released from the mitochondrial respiratory complex, thus promoting ROS production, which induces oxida-tive stress in cancer cells. Based on this information, cellular ROS was measured by flow cytometry. Compared with in the control group, Mst1 overexpression enhanced ROS production ([Fig. 3C and D](#f3-ijo-53-06-2409){ref-type="fig"}). In response to increased ROS, cellular antioxidant factors, including GSH, SOD and GPX, were markedly downregulated in response to Mst1 overexpression ([Fig. 3E--G](#f3-ijo-53-06-2409){ref-type="fig"}). Furthermore, excessive ROS has the ability to promote mitochondrial pro-apoptotic factor translocation into the nucleus. Through immunofluorescence assays, it was revealed that Mst1 overexpression induced cyt-c release from the mitochondria into the nucleus compared with in the control group ([Fig. 3H and I](#f3-ijo-53-06-2409){ref-type="fig"}). These findings were further supported by western blotting ([Fig. 3J--L](#f3-ijo-53-06-2409){ref-type="fig"}). Furthermore, Mst1 overexpression upregulated the expression levels of mitochondrial pro-apoptotic proteins (Bad, caspase-9 and caspase-3) and downregulated the expression levels of anti-apoptotic factors (c-IAP and Bcl2) ([Fig. 3J--Q](#f3-ijo-53-06-2409){ref-type="fig"}). Collectively, these findings indicated that Mst1 overexpression may activate mitochondrial apoptosis in A549 cells.

Overexpression of Mst1 induces mitochondrial energy disorder
------------------------------------------------------------

As well as their involvement in mitochondrial apop-tosis, mitochondria are the center of cellular ATP production, which provides enough energy to sustain cancer cell growth and mobilization. The present study aimed to investigate the role of Mst1 in mitochondrial metabolism. Initially, ATP production was measured in A549 cells; the results indicated that Mst1 overexpression suppressed ATP production ([Fig. 4A](#f4-ijo-53-06-2409){ref-type="fig"}). Since ATP production is dependent on the activity and expression of the mitochondrial respiratory complex, this study aimed to determine whether Mst1 affected the activity and expression of the mitochondrial respiratory complex. Through ELISA analyses, it was revealed that mitochondrial respiratory complex activity was decreased in response to Ad-Mst1 transduction ([Fig. 4B--D](#f4-ijo-53-06-2409){ref-type="fig"}). Furthermore, the protein expression levels of the mitochondrial respiratory complexes, as measured by western blotting, were predominantly suppressed by Mst1 overexpression ([Fig. 4E--H](#f4-ijo-53-06-2409){ref-type="fig"}). Collectively, these data indicated that Mst1 impaired mitochondrial respiration and induced energy disorder. To provide more solid evidence for the role of Mst1 in cellular energy metabolism, the present study analyzed glucose and lactate content in the medium following Ad-Mst1 transduction. As shown in [Fig. 4I and J](#f4-ijo-53-06-2409){ref-type="fig"}, Mst1 overexpression interrupted glucose consumption and thus reduced the production of lactate, which is indicative of the termination of glycometabolism. Therefore, these data indicated that Mst1 overexpression may suppress mitochondrial energy metabolism in A549 cells.

ROCK1/F-actin signaling pathways are activated by Mst1
------------------------------------------------------

To determine the underlying mechanism by which Mst1 regulates mitochondrial damage and energy disorder, this study focused on the ROCK1/F-actin axis, since ROCK1/F-actin pathways have been revealed to be the upstream regulatory molecules for mitochondrial damage in several types of cancer cell ([@b42-ijo-53-06-2409],[@b43-ijo-53-06-2409]). Through western blotting, it was demonstrated that Mst1 overexpression enhanced the protein expression levels of ROCK1, which was followed by a decrease in F-actin expression ([Fig. 5A--C](#f5-ijo-53-06-2409){ref-type="fig"}). Subsequently, a ROCK1 loss-of-function assay was conducted via administration of Y-27632 after Ad-Mst1 transduction, which is an inhibitor of ROCK1. Following application of Y-27632 in Mst1-overexpressed cells, ROCK1 expression was reduced ([Fig. 5A--C](#f5-ijo-53-06-2409){ref-type="fig"}), whereas F-actin expression was increased. These findings were further supported by immunofluorescence assays, which indicated that Mst1 overexpression induced the degradation of F-actin, whereas this effect was reversed by Y-27632 administration ([Fig. 5D and E](#f5-ijo-53-06-2409){ref-type="fig"}). Based on these results, it may be suggested that Mst1 overexpression has the ability to activate ROCK1 expression and thus reduce F-actin stabilization.

In order to observe whether ROCK1/F-actin was involved in Mst1-mediated A549 cell apoptosis, F-actin staining and TUNEL assays were performed. Compared with in the control group, Mst1 overexpression augmented the number of TUNEL-positive cells, which was accompanied by a drop in the fluorescence intensity of F-actin ([Fig. 5F and G](#f5-ijo-53-06-2409){ref-type="fig"}). However, Mst1-induced cell apoptosis and F-actin degradation were reversed by Y-27632 ([Fig. 5F and G](#f5-ijo-53-06-2409){ref-type="fig"}). This finding was further supported by an LDH release assay ([Fig. 5H](#f5-ijo-53-06-2409){ref-type="fig"}), which indicated that Mst1-mediated LDH release could be reversed by Y-27632 treatment. Collectively, these observations indicated that Mst1 may regulate A549 cell apoptosis via the ROCK1/F-actin pathway.

The Mst1/ROCK/F-actin axis regulates mitochondrial injury
---------------------------------------------------------

Since mitochondria are potential targets of Mst1 and impact A549 cell viability, the present study aimed to determine whether mitochondrial homeostasis was regulated by the Mst1/ROCK/F-actin axis. To verify the hypothesis, ROS production was initially detected, which is an early indicator of mitochondrial damage. Consistent with the aforementioned findings, Mst1 overexpression augmented ROS generation, as assessed by ROS staining ([Fig. 6A and B](#f6-ijo-53-06-2409){ref-type="fig"}). However, inhibition of ROCK1 pathways via Y-27632 significantly suppressed ROS production despite transduction with Ad-Mst1 ([Fig. 6A and B](#f6-ijo-53-06-2409){ref-type="fig"}). Furthermore, inhibition of ROCK1 blocked the pro-oxidant effects of Mst1, and the contents of SOD, GSH and GPX were recovered in A549 cells ([Fig. 6C--E](#f6-ijo-53-06-2409){ref-type="fig"}). In addition, Mst1-mediated cyt-c translocation into the nucleus was disrupted by Y-27632 administration ([Fig. 6F and G](#f6-ijo-53-06-2409){ref-type="fig"}). These findings indicated that the ROCK1/F-actin axis may be required for Mst1-associated mitochondrial apoptosis. To provide more solid evidence to explain the role of the ROCK1/F-actin axis in mitochondrial damage, caspase-9 activity, which is a hallmark of mitochondrial death, was measured via ELISA. Compared with in the control group, Mst1 overexpression elevated caspase-9 activity ([Fig. 6H](#f6-ijo-53-06-2409){ref-type="fig"}); however, this effect was reversed by Y-27632. Taken together, these data suggested that the ROCK1/F-actin axis may be activated by Mst1 and could contribute to mitochondrial injury in A549 cells.

Mst1/ROCK1/F-actin pathways are involved in A549 cell migration inhibition and proliferation arrest
---------------------------------------------------------------------------------------------------

Finally, the present study aimed to determine whether the ROCK/F-actin pathway is necessary for Mst1-mediated A549 cell migration inhibition and proliferation arrest. Therefore, filopodia formation was observed; filopodia is the major vehicle for cellular migration. Mst1 overexpression hampered filopodia formation, as evidenced by shorter and fewer filopodia outside of the cellular membrane ([Fig. 7A and B](#f7-ijo-53-06-2409){ref-type="fig"}). Conversely, this conformational alteration was reversed by Y-27632 ([Fig. 7A and B](#f7-ijo-53-06-2409){ref-type="fig"}). Furthermore, Transwell assays revealed that the number of migrated cells was reduced in response to Mst1 overexpression but reverted to normal levels following ROCK1 suppression ([Fig. 7C and D](#f7-ijo-53-06-2409){ref-type="fig"}). These findings indicated that the ROCK1/F-actin pathway was responsible for Mst1-mediated A549 cell migration inhibition.

The EdU assay was used to observe cell growth. Similar to the aforementioned results, Mst1 overexpression reduced the number of EdU-positive cells, whereas this effect was reversed by Y-27632 ([Fig. 7E and F](#f7-ijo-53-06-2409){ref-type="fig"}). Furthermore, through immunofluorescence analysis, it was revealed that Mst1-inhibited cyclin D1/E expression was rescued by Y-27632 ([Fig. 7G--I](#f7-ijo-53-06-2409){ref-type="fig"}). These findings indicated that Mst1 suppressed A549 cell proliferation by regulating the ROCK1/F-actin pathway.

Discussion
==========

Lung cancer is currently one of the leading causes of cancer-associated mortality for older patients. Despite advances in its early diagnosis and treatment, additional investigations elucidating the mechanism underlying tumor progression are clinically required due to the high prevalence, invasiveness and metastatic potential of lung cancer. The present study aimed to determine the potential molecular events regulating NSCLC A549 cell migration, survival and proliferation. The results indicated that: i) Mst1 was downregulated in A549 cells; ii) overexpression of Mst1 promoted A549 cell apoptosis, inhibited migration and arrested proliferation; iii) mechanistically, Mst1 activation was closely associated with mitochondrial injury, as evidenced by reduced mitochondrial potential, uncontrolled oxidative stress, pro-apoptotic protein translocation, reduced mitochondrial energy metabolism and activated caspase-9 signals; iv) at the molecular level, the ROCK1/F-actin pathway was triggered by Mst1 overexpression; and v) activated ROCK1 signaling promoted F-actin degradation and finally triggered mitochondrial apoptosis, migration impairment and proliferation delay in A549 cells. Taken together, these findings regarding A549 cell stress response lay the foundation for a detailed study into the molecular mechanism underlying cancer progression ([Fig. 8](#f8-ijo-53-06-2409){ref-type="fig"}). To the best of our knowledge, this is the first study to investigate the role of the Mst1-mediated ROCK1/F-actin pathway in A549 cell migration, apoptosis and proliferation, with a focus on their roles in modulating mitochondrial damage.

The association between mitochondrial homeostasis and tumor progression is an area of research that has rapidly evolved over the past decade ([@b1-ijo-53-06-2409]). Several biological processes, including apoptosis, proliferation, metabolic reprogramming and autophagy, are tightly linked to mitochondrial homeo-stasis ([@b44-ijo-53-06-2409]), and each of these processes can be affected by alterations in mitochondrial function and structure ([@b6-ijo-53-06-2409]). These findings have indicated that alterations in mitochondrial homeostasis may underlie many of the phenotypes that drive tumorigenic growth. In addition, mitochondrial damage has been acknowledged to have an unfavorable effect on cancer development. It has previously been reported that mitochondrial damage impairs liver cancer migration via JNK/Bcl2-interacting protein 3/sarcoendoplasmic reticulum calcium transport ATPase/Ca^2+^/calmodulin-dependent protein kinase II pathways ([@b8-ijo-53-06-2409]). Furthermore, alterations in mitochondrial morphology, such as mitochondrial fission, promote rectal cancer cell apoptosis ([@b7-ijo-53-06-2409]). The mitochondrial autophagy repair system, which is also known as mitophagy, provides a survival advantage to gastric cancer ([@b13-ijo-53-06-2409]). These data confirmed that mitochondria may be considered a potential target for regulating cancer development. In agreement with these findings, the present study demonstrated a strong association between mitochondrial injury and cancer cell migration inhibition, apoptosis and proliferation arrest. Therefore, it may be suggested that disturbance of mitochondrial integrity is of utmost importance when designing antitumor therapies in combination with chemotherapy.

The present study revealed that Mst1 affected mitochondrial injury via the ROCK1/F-actin pathway. Mst1 is a downstream factor of the Hippo pathway, which has been implicated in several pathological processes, including diabetic cardiomyopathy, osteoblast differentiation ([@b45-ijo-53-06-2409]) and milk fat metabolism disorder ([@b46-ijo-53-06-2409]). Furthermore, Mst1 downregulation has been identified as a potential early detection biomarker for numerous types of cancer, including colorectal cancer ([@b47-ijo-53-06-2409]), breast cancer ([@b48-ijo-53-06-2409]), pancreatic cancer ([@b49-ijo-53-06-2409]), lung cancer ([@b50-ijo-53-06-2409]) and liver cancer. At the molecular level, Mst1 has been reported to be associated with the ER stress response ([@b51-ijo-53-06-2409]), cellular oxidative stress ([@b52-ijo-53-06-2409]), epithelial-to-mesenchymal transition ([@b53-ijo-53-06-2409]), transforming growth factor β-mediated tissue fibrosis ([@b54-ijo-53-06-2409]) and mitophagy ([@b7-ijo-53-06-2409]). The present study reported that Mst1 was downregulated in A549 cells, which was similar to previous conclusions ([@b55-ijo-53-06-2409]). Furthermore, the present study revealed that Mst1 activation was associated with mitochondrial damage. Damaged mitochondria are particularly prone to activating the apoptotic program and mediating cellular energy disorder ([@b11-ijo-53-06-2409]), thus leading to cancer cell death, mobilization impairment and growth arrest. This finding highlights that Mst1 dysregulation may be involved in the ability of tumor cells to escape programmed cell death. Notably, to the best of our knowledge, the present data established a novel role for Mst1 in initiating mitochondrial damage for the first time. Furthermore, it was confirmed that the ROCK1/F-actin pathway was necessary for Mst1-induced mitochondrial dysfunction and cancer cell damage. It is well documented that ROCK1 activation is strongly associated with cancer suppression. ROCK1 activation reduces the development of osteosarcoma ([@b56-ijo-53-06-2409]), alleviates chemotherapeutic resistance in colorectal cancer ([@b57-ijo-53-06-2409]), suppresses prostate cancer survival ([@b16-ijo-53-06-2409]), attenuates the aggressiveness of renal cell carcinoma ([@b17-ijo-53-06-2409]) and impairs epithelial-to mesenchymal transition in patients with lung cancer ([@b58-ijo-53-06-2409]). Similar to these findings, the present data indicated that Mst1 overexpression-induced ROCK1 activation hampered NSCLC A549 cell migration, proliferation and survival. These findings, combined with evidence that ROCK1 is a potentially actionable therapeutic target for tumor suppression, provided novel information regarding cancer development and may provide a novel therapeutic approach for cancer inhibition via the modulation of mitochondrial homeostasis. At present, since Mst1 lung-specific transgenic mice are currently unavailable, further *in vivo* studies using Mst1 adenoviral injection into the lung tissue of rats and/or mice to induce Mst1 overexpression are required to verify these findings.
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![Mst1 is downregulated in A549 cells and regulates A549 cell apoptosis. (A and B) Western blotting was used to analyze the protein expression levels of Mst1 in the normal pulmonary epithelial cell line BEAS-2B and in A549 cells. (C) Immunofluorescence analysis of Mst1; DAPI used to label the nuclei. (D and E) Mst1 overexpression was performed via Ad-Mst1 transduction. Western blotting was used to evaluate the protein expression levels of Mst1 in response to Ad-Mst1 transduction. (F) MTT assay was used to analyze cell viability following Ad-Mst1 transduction. (G and H) TUNEL assay was used to quantify the cellular apoptotic rate. The number of TUNEL-positive cells was recorded. ^\*^P\<0.05. Ad, adenovirus; Mst1, mammalian STE20-like kinase 1; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.](IJO-53-06-2409-g00){#f1-ijo-53-06-2409}

![Mst1 affects A549 cell migration and proliferation. (A-C) Expression levels of proliferation-associated proteins were analyzed by western blotting in A549 cells following Ad-Mst1 transduction. (D and E) Cell proliferation was measured via EdU staining. The number of EdU-positive cells was recorded. (F) A549 cells transduced with Ad-Mst1 were isolated using 0.25% trypsin and cell viability was determined using a LDH release assay. (G and H) Isolated cells were seeded onto Transwell units and a Transwell assay was performed to evaluate cell migration; the number of migrated cells was recorded. (I-K) Chemokines CXCR4 and CXCR7 were measured via western blotting in response to Ad-Mst1 transduction. ^\*^P\<0.05. Ad, adenovirus; CXCR, C-X-C chemokine receptor; EdU, 5-ethynyl-2′-deoxyuridine; LDH, lactate dehydrogenase; Mst1, mammalian STE20-like kinase 1.](IJO-53-06-2409-g01){#f2-ijo-53-06-2409}

###### 

Mst1 overexpression is associated with mitochondrial damage. (A and B) Mitochondrial potential was observed via JC-1 staining. Red fluorescence indicated normal mitochondrial potential, whereas green fluorescence indicated damage to mitochondrial potential. (C and D) ROS production was measured by flow cytometry. Ad-Mst1 transduction increased the ROS content in A549 cells. (E-G) Antioxidants were detected by ELISA. (H and I). Cyt-c translocation into the nucleus was observed by co-staining cells with cyt-c and DAPI. (J-Q) Western blotting of proteins associated with mitochondrial apoptosis. The expression levels of pro-apoptotic and anti-apoptotic proteins were analyzed by western blotting. TOM20 was used as a loading control for mito cyt-c expression. ^\*^P\<0.05. Ad, adenovirus; Bad, Bcl2-associated death promoter; Bcl2, B-cell lymphoma 2; c-IAP, cellular inhibitor of apoptosis protein; cyt-c, cytochrome *c*; GPX, GSH peroxidase; GSH, glutathione; mito, mitochondrial; Mst1, mammalian STE20-like kinase 1; ROS, reactive oxygen species; SOD, superoxide dismutase; TOM20, translocase of the outer membrane 20.
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![Mst1 overexpression suppresses mitochondrial respiratory function. (A) ATP production was measured in A549 cells following Ad-Mst1 transduction. (B-D) Mitochondrial respiratory complex protein activity was evaluated via ELISA analyses. Ad-Mst1 transduction decreased the activity of mitochondrial respiratory complex proteins in A549 cells. (E-H) Western blotting was used to analyze the protein expression levels of mitochondrial respiratory complexes. GAPDH was used as a loading control for western blotting. (I and J) Glucose uptake and lactate production were measured in the medium following Ad-Mst1 transduction. ^\*^P\<0.05. Ad, adenovirus; CII-30, complex II; CIII-core2, complex III subunit core 2; CIV-II, complex IV subunit II; Mst1, mammalian STE20-like kinase 1.](IJO-53-06-2409-g04){#f4-ijo-53-06-2409}

![ROCK1/F-actin pathways are regulated by Mst1 and contribute to A549 cell apoptosis. (A-C) Western blotting was performed to analyze the protein expression levels of ROCK1 and F-actin. (D and E) Immunofluorescence of F-actin in response to treatment with Y-27632, which is an inhibitor of the ROCK1 pathway that was used to inhibit ROCK1 activation. Suppression of ROCK1 attenuated F-actin expression. (F and G) Staining of TUNEL-positive cells and F-actin. More TUNEL-positive cells were associated with decreased F-actin expression. (H) LDH release assay was used to evaluate the pro-apoptotic effects of Mst1. ^\*^P\<0.05. Ad, adenovirus; LDH, lactate dehydrogenase; Mst1, mammalian STE20-like kinase 1; ROCK1, Rho-associated coiled-coil containing protein kinase 1; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.](IJO-53-06-2409-g05){#f5-ijo-53-06-2409}

![Rho-associated coiled-coil containing protein kinase 1/F-actin pathways modulate mitochondrial function. (A and B) ROS staining was used to analyze cellular oxidative stress. Ad-Mst1-mediated ROS overproduction was significantly suppressed by Y-27632. (C-E) Antioxidant factors were evaluated via ELISA. (F and G) Cyt-c translocation into the nucleus was observed by co-staining cells with cyt-c and DAPI. (H) Caspase-9 activity was measured via ELISA. Mst1-mediated casapse-9 activation was inhibited by Y-27632 in A549 cells. ^\*^P\<0.05. Ad, adenovirus; cyt-c, cytochrome *c*; GPX, GSH peroxidase; GSH, glutathione; Mst1, mammalian STE20-like kinase 1; ROS, reactive oxygen species; SOD, superoxide dismutase.](IJO-53-06-2409-g06){#f6-ijo-53-06-2409}

###### 

Mst1-Rho-associated coiled-coil containing protein kinase 1-F-actin pathways control A549 cell migration and proliferation. (A and B) Immunofluorescence analysis of F-actin. The average length of filopodia was measured in response to Ad-Mst1 transduction and Y-27632 treatment. (C and D) Transwell assay was conducted on A549 cells following Ad-Mst1 transduction and Y-27632 administration. (E and F) EdU assay was used to observe cellular proliferation. The number of EdU-positive cell was recorded. (G-I) Immunofluorescence analysis of cyclin proteins. Cyclin E and cyclin D1 were observed and the fluorescence intensity was measured in response to Ad-Mst1 transduction and Y-27632 treatment. ^\*^P\<0.05. Ad, adenovirus; EdU, 5-ethynyl-2′-deoxyuridine; Mst1, mammalian STE20-like kinase 1.
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![Mst1 overexpression promoted mitochondrial injury, as evidenced by reduced mitochondrial potential, uncontrolled oxidative stress, increased pro-apoptotic protein translocation, reduced mitochondrial energy metabolism and activated caspase-9 signals. Furthermore, Mst1 overexpression impaired migration and reduced proliferation in A549 cells. Mst1, mammalian STE20-like kinase 1; ROCK1, Rho-associated coiled-coil containing protein kinase 1.](IJO-53-06-2409-g09){#f8-ijo-53-06-2409}
